Wave-vector dependent intensity variations of the Kondo peak in photoemission from 

CePd 3 
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Strong angle-dependent intensity variations of the Fermi-level feature are observed in 4d — > 4/ 
resonant photoemission spectra of CePd3(lll), that reveal the periodicity of the lattice and largest 
intensity close to the F points of the surface Brillouin zone. In the framework of a simplified periodic 
Anderson model the phenomena may quantitatively be described by a wave- vector dependence of the 
electron hopping matrix elements caused by Fermi-level crossings of non-4/-derived energy bands. 

PACS numbers: 79.60.-i, 71.20.Eh, 71.27. +a 



In Ce compounds, interaction of localized 4/ states 
with itinerant valence-band (VB) states may lead to a 
number of fascinating phenomena ranging from valence 
instabilities to heavy-fermion and even non-Fermi-liquid 
behavior p). Although part of physical properties of 
these compounds may be understood in the framework of 
local-density approximation (LDA) band-structure cal- 
culations, the latter are not able to account properly for 
the correlated nature of the / electrons. For the latter, 
localized approaches are applied based on the Kondo or 
Anderson hamiltonians. Particularly application of the 
single-impurity Anderson model (SIAM) [2j was very suc- 
cessful allowing a quantitative correlation of transport, 
thermodynamic and magnetic properties of the materi- 
als with spectroscopic data (see, for example, Ref. A 
shortcoming of this model, however, is its restriction to 
an isolated / impurity that ignores the influence of the 
periodicity of the lattice on the / state. Anisotropics of 
physical properties, therefore, are usually only discussed 
in terms of crystal field effects, while a k dependence of 
hybridization is not considered Taking into account 
the latter leads to the periodic Anderson model (PAM) 
for which, however, realistic approaches are presently still 
missing j5|. 

Experimentally, in particular angle-resolved photoe- 
mission (PE) has been used to search for inconsistencies 
of SIAM that make use of PAM necessary. In PE spec- 
tra, the Ce 4/ emissions reveal a characteristic double 
peak structure consisting of a spin-orbit split Fermi-level 
(Ep) feature related to the Kondo resonance and a broad 
peak at about 2 eV binding energy (BE) that corresponds 
roughly to the 4/° final state expected for photoioniza- 
tion of a 4/ 1 ground state. In the light of PAM, BE and 
intensity variations of these features as a function of elec- 
tron wave vector k are expected being particularly strong 
for the Fermi- levelpeak. In fact, in a few cases energy 
dispersions H, B El E3 El and k-dependent inten- 



sity variations @, fToL were reported and qualitatively 
interpreted in the light of PAM. A quantitative descrip- 
tion of the phenomena in relation to the VB structure 
however is still lacking. 

In the present Letter we report on an angle-resolved 
4d — ► 4/ resonant PE study of CePd 3 (lll). This com- 
pound is characterized by a relatively low VB density of 
states around the Fermi energy [T^ and band crossings of 
the Fermi level may only be observed by photoemission at 
certain points in k space. CePd3(lll) represents, there- 
fore, an ideal system for the search of k dependencies of 
the 4/ emission. While BE variations of the individual 
spectral 4/ components are found to be not larger than 
30 meV, strong k-dependent intensity variations of the 
Fermi-level feature with respect to the intensity of the 
ionization peak are observed. These variations reflect the 
periodicity of the lattice and reveal largest intensity close 
to the r points of the surface Brillouin zones (BZ). The 
phenomenon is analyzed in the framework of a simplified 
PAM where less probable on-site double-occupation of 
4/ states is neglected in order to achieve k conservation 
upon interaction. In this case, the intensity of the Fermi- 
level feature is directly related to the dispersive proper- 
ties of the VB states and becomes particularly large at 
those points of k space where the BE of the VB states 
approaches Ep. Taking VB dispersions from LMTO-slab 
calculations good agreement between theory and experi- 
ment is achieved. 

Angle-resolved resonant PE experiments at the Ad — » 
4/ absorption threshold were performed with syn- 
chrotron radiation provided by the U49/2-PGM-1 undu- 
lator beamline of BESSY II. A hemispherical Thermo- 
VG CLAM-IV analyzer tuned to an energy resolution of 
25 meV (FWHM) and an angular resolution better than 
1° was used. Epitaxial CePd3 films with thicknesses of 
approximately 100 A were grown on a clean W(110) sub- 
strate by thermal deposition of stoichiometric amounts of 
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FIG. 1: Experimental on-resonance PE spectra of CePd3 
taken at the 4d — > 4/ excitation threshold (hv = 121 eV) 
at different emission angles (0) and normalized to maxi- 
mum intensity of the ionization peak. The subspectrum illus- 
trates valence-band contributions as observed off resonance at 
112 eV photon energy, normalized to the same photon flux as 
the corresponding on-resonance spectrum (O = 0°). 



Pd and Ce and subsequent annealing ^3|. The resulting 
LEED pattern revealed a sharp (2x2) overstructure with 
respect to the spots of a pure Pd(lll) film as expected for 
the (111) surface of CePd3 (cubic AuCu3 structure) [l3| . 
During vapor deposition as well as for the PE experi- 
ments the substrate temperature was held below 90 K. 
The base pressure in the ultra-high vacuum system was 
in the upper 10~ n -mbar range and raised only shortly 
to 1 x 10 -9 mbar during sample preparation. Oxygen and 
carbon contaminations were checked monitoring the re- 
spective VB signals and found to be negligible. 

Fig. 1 shows a three dimensional plot of a series of on- 
resonance PE spectra taken at 121 eV photon energy 
and different emission angles corresponding to a vari- 
ation of the parallel component of the k vector along 
theT-K-M-K-r direction in the surface BZ. At 
this photon energy the 4/ photoemission cross section 
is strongly enhanced by a Fano resonance, while contri- 
butions from the VB emissions are negligibly small due 
to a Cooper minimum of the Pd 4d cross section. The 
latter is illustrated in Fig. 1 by the blank subspectrum 
area, that shows the VB signal in normal emission ge- 
ometry observed at the Fano off resonance {hv—112 eV) 
normalized to the same photon flux as the correspond- 
ing on-resonance spectrum. The on-resonance spectra 
are normalized to maximum intensity of the ionization 
peak. The Fermi-level peak reveals large intensity close 
to the r point. Upon leaving the T-point region, the in- 
tensity decreases strongly and arrives again at a small 
local maximum in the region of the M point. The spin- 
orbit split side-band at about 300 meV BE, on the other 
hand, reveals almost constant intensity and increases its 
BE by about 30 meV when going from T to M. Thus, 



the intensity variation of the Fermi-level peak cannot be 
ascribed to photoelectron diffraction effects but reflects 
an intrinsic electronic property. Similar, although less 
dramatic effects have been reported for CePt2+ a; |lCl IP2| 
and CeBei3 [6j where the intensity variations were ten- 
tatively ascribed to a dispersing band that crosses the 
Fermi energy [l2| or a k-vector dependence of hybridiza- 
tion Up- 
starting point of our analysis of the measured PE spec- 
tra is the PAM: 

H = ^e(k)< CT 4 ff + ^e / (k)/+/ kCT 

k,<r k,<r 
k,o- 

i,cr 

= £> (k)+ W , (1) 

k 

where the extended VB states ker) have a dispersion 
e(k) and are described by creation (annihilation) oper- 
ators d^ a (d k(7 ). The operator f£ a creates a / electron 
with momentum k, spin a, and energy £/(k). We as- 
sume that a non-hybridized / band has no dispersion: 
£/(k) = £/. The two electron subsystems (VB and / 
states) are coupled via a hybridization Vk(e), and finally 
Uff is the Coulomb repulsion between two / electrons 
localized on the same lattice site. The transformation of 
the latter term to a k representation leads to a mixing of 
states with different k values, which makes the problem 
difficult to handle quantitatively. However, if Uff is suf- 
ficiently large with respect to |e/| and Vk, contributions 
of the 4/ 2 configuration to the ground and excited states 
become negligibly small as compared to contributions of 
the 4/° and 4/ 1 configurations. In fact, this condition is 
roughly fulfilled for Ce transition-metal compounds. In 
these systems Uff amounts to 7 eV, while \ef\ is of the 
order of 1 eV and the hybridization parameter is even 
less than \ef\ 0,0]. For Uff — > oo the probability to 
find two / electrons localized on the same site becomes 
zero, and the problem could be solved by diagonalizing 
the hamiltonian /irj(k) that describes a coupling of a / 
electron with the energy £f to VB states with a specific 
wave vector k. In this way the problem formally reduces 
to the one of SIAM with the only difference that the den- 
sity of states (DOS) used in SIAM is now replaced by a 
k-dependent energy distribution of states [14|. Since re- 
sults of SIAM are usually not strongly affected by the 
neglecting of 4/ 2 contributions, one may expect that at 
least qualitatively our model leads to a correct descrip- 
tion of the experimental data. 

As a first step of our theoretical treatment we per- 
formed calculations of the VB structure of CePd3 by 
means of the LMTO method [l^. In the calculations 
Ce was replaced by La in order to suppress contributions 
of Ce 4/ states to the VB DOS. The second step was 
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the calculation of the spectral function using the simpli- 
fied PAM as described above. Values taken directly from 
the band-structure calculations were the energies of the 
valence bands e(k) as well as the coefficients c;(e,k) of 
the /-projected local expansion of the Bloch functions at 
the La site. Due to symmetry requirements the local- 
ized 4/ states couple only to those VB states that reveal 
non-negligible local / contributions inside the rare-earth 
atomic sphere. Consequently, the hybridization matrix 
element was chosen to be proportional to the respective 
coefficients: 

V k (e)=A. C/ (e,k) (2) 

whereby A (like ef) is treated as a constant, but ad- 
justable parameter. 

In the kinetic energy range of the experiment 
(~ 115 eV) the mean free path of the photoelectrons 
amounts to only ~ 4.5 A (Ref. ITfil) . In order to ac- 
count for surface effects in the VB DOS, we calculated 
the electronic structure of a five-layer slab constructed 
from (111) atomic planes. Then, the PE spectral func- 
tions were simulated as superposition of weighted con- 
tributions from different atomic layers where the third 
atomic layer (in the middle of the slab) was considered 
as bulk. The weights were estimated to be equal to 0.41 
for the surface layer, 0.24 for the second layer, and 0.35 
for the bulk assuming an exponential dependence of the 
photoelectron escape probability. 

Fig. 2 shows the / contributions to the local DOS of 
LaPd3(lll) along the T — K — M direction in the surface 
BZ for the outermost atomic layer. Near the T point 
energy bands crossing Ep are mainly derived from Pd p 
states with noticeable admixture of La and Pd d states. 
At the La site, these bands reveal finite / character. On a 
half way between T and K no bands are found just below 
Ep. In the vicinity of the BZ borders, however, bands 
appear again in this energy region. Near the K point as 
well as between the K and M points weak / contributions 
to the local DOS are visible. The respective bands are 
mainly derived from La d as well as Pd p and d states. 
Strong peaks below 2 eV BE are related to Pd Ad derived 
bands that also show finite / character at the La sites. 

Calculated 4/ spectral functions for the T and K points 
are presented in Fig. 3 in comparison with the experimen- 
tal data. The spectral functions were obtained using sim- 
ilar parameter values as in SIAM 0,0: £/ =1.30 eV 
and A =0.86 eV (for the surface atomic layer, Ef was 
assumed to be shifted by 0.20 eV to higher BE). An 
energy-dependent life-time broadering parameter in the 
form T L (E) = 0.01 eV +Q.12E was used, where E de- 
notes the BE with respect to Ep. The calculated spectra 
were additionally broadened with a Gaussian (Tg = 0.03 
eV) to simulate finite instrumental resolution and an in- 
tegral background was added to take into account inelas- 
tic scattering events. Close to the T point the strong 
VB / contributions near Ep lead to a large (spin-orbit 
split) peak at Ep whereas in the spectra at the K point 
only two shoulders are obtained in this energy region due 



O 
Q 



3 2 1 E F 

Binding Energy (eV) 

FIG. 2: Local / DOS (|c/(e,k)| 2 values broadened by a Gaus- 
sian of 0.2 eV FWHM) inside the La atomic sphere of a 
LaPd3(lll) surface layer calculated for different points along 
the r — K — M direction of the surface BZ. The results are 
almost independent from the actual choice of the wave vector 
component perpendicular to the surface, since the dispersion 
of energy bands is found to be negligible small in this direc- 
tion. 



to the reduced / character of the respective VB states. 
For k points, where the VB / contributions near Ep are 
negligible, this spectral structure disappears. 

As evident from Fig. 2 there is a Fermi-level crossing of 
a second band at about 25% of the L — K distance that 
should lead to even larger Fermi-level peak at this k point 
than around the T point. Apart from the fact that the 
respective angular deviation (1.5° at hv=121 eV) is in 
the order of the accuracy of our experiment, a rigid shift 
of Ep by 0.2 eV to lower or higher BE would dispose this 
discrepancy. Energy shifts of this order of magnitude 
may be caused by variations of the potential in the rare- 
earth atomic sphere caused, e.g. by substitution of Ce 
by La in the electronic structure calculations. 

In the calculated spectra dispersive substructures ap- 
pear in the region of the ionization peak are not observed 
in the experimental data. The substructures reflect inter- 
actions of the ionized 4/ state with VB states of the same 
BE and are only weakly related to the ground state prop- 
erties of the system [l8| . At least part of the observed dis- 
crepancy may be attributed to the neglecting of the /-/ 
correlation term: First, a finite value of Uf / would lead to 
a certain integration over k space and a smearing-out of 
substructures. The same mechanism would also cause the 
appearance of finite Fermi-level features even at k points, 
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FIG. 3: Calculated 4/ spectral functions (shadowed subspec- 
tra: Uff = oo, A = 0.86 eV) for the T and K points in 
comparison with the experimental data (open circles). The 
inset shows the angle-integrated spectrum of CePd3 together 
with the simulations within SIAM from Ref. 17 where the 
peak at Ef is not observed, since it appears only at certain 
k points. 



where no VB states are found close to Ep , in agreement 



with the experiment. Second, neglecting of the correla- 
tion term leads to an overestimation of A, since contri- 
butions to the Fermi-level peak, that are due to direct 
4/ 2 — ► 4/ 1 photoemission processes, are attributed to 
4f° — 4/ 1 configuration interactions. A smaller value of 
A, however, would immediately reduce the dispersion of 
the ionization-peak substructures. 

In conclusion, intensity variations of the Fermi-energy 
PE peak of CePd3 have been observed that could be 
related to a k dependence of hybridization in the light 
of PAM. Our simple approach has the form of SIAM 
with a direction-dependent choice of the hybridization 
Vk(e). This suggests that similar approaches may be 
applied to describe anisotropies in the thermodynamic, 
magnetic and transport properties of mixed-valent and 
heavy-fermion compounds. Reasonable predictions of 
the k dependence of Vk(e) may be obtained from LDA 
band-structure calculations that like our approach reveal 
large hybridization at those points in k space where / 
states are intersected by VB states. Analyses of angle- 
integrated PE spectra in the light of SIAM are ex- 
pected to underestimate hybridization strength and over- 
estimate / occupation. This is due to the fact that 
hybridization is particularly large at the Fermi surface 
where conduction bands cross the Fermi energy while 
angle-integrated experiments probe also other regions of 
k space that are far away from the Fermi surface and 
reveal only small hybridization. 
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